Intertransverse bone grafting is a common fusion procedure for stabilising the lumbar spine, although a comparatively high rate of nonunion has been reported, ranging from 5% to 35%. 1, 2 Many methods have been used to promote bony union including electrical stimulation, ultrasound and the use of bone graft or growth factors. Evaluation has been performed on the basis of biological or biomechanical enhancement. 3 To assess the biological enhancement more precisely, it is necessary to investigate the healing process including changes in the grafted bone, but there have been few reports analysing the role of the graft itself. Information regarding the fusion mechanisms after intertransverse bone grafting is still conflicting. Some reports have suggested that cartilage appears in the early fusion mass, 4-7 others have indicated that endochondral bone formation is not part of the healing process 8, 9 and some have suggested that both membranous and endochondral bone formation are involved. 10, 11 These were mainly histological studies, however, and did not refer to gene expression. Recently, using the reverse transcription polymerase chain reaction (RT-PCR), Morone et al 12 analysed the effect of bone morphogenetic protein 2 on the gene expression for bone matrix proteins and collagens. The cells expressing the respective genes have not yet been characterised. We have therefore analysed fusion of the intertransverse process by means of in situ hybridisation in a rabbit model and evaluated the spatial and temporal expression of genes encoding typespecific collagens in each postoperative phase. Our aim was to clarify the details of the molecular and cellular events in normal posterolateral spinal fusion.
Materials and Methods
Lumbar intertransverse process fusion. We used 17 adult one-year-old New Zealand white rabbits weighing 3.5 to 4.5 kg. After anaesthesia with ketamine and xylazine, fusion of the intertransverse process was performed through a paramedian approach bilaterally at L5-L6 using autogenous bone graft obtained from the iliac crest. 10, 11 After exposing the transverse processes of L5 and L6 as well as the intertransverse ligament (IL), the transverse processes were decorticated and corticocancellous bone grafts from the iliac crests were placed between them in the paraspinal bed. Six rabbits were killed at two weeks after surgery, five at four weeks and six at six weeks. All rabbits tolerated the surgery well. The perioperative morbidity was 17.6% (3 of 17). Two of the remaining rabbits had unilateral infections which were discovered at the time of death. They were excluded, and the remaining 24 fusion masses were used for molecular analysis. Preparation of samples. Under anaesthesia, the arteries were perfused with 4% paraformaldehyde, and the L5 and L6 lumbar vertebrae were dissected with the surrounding soft tissue and fixed overnight in the same solution. After soft radiographs had been taken, the samples were decalcified at 4°C with 20% formic acid. The decalcified tissues were cut sagittally as indicated in Figure 1 , and embedded in paraffin. Sections 6 m thick were used for in situ hybridisation. Serial sections were stained with haematoxylin and eosin and Toluidine Blue (pH 4.1). In situ hybridisation. The following complementary DNA (cDNA) clones were used for probe preparation: mouse pro-␣1 (I) collagen (COL1A1) cDNA containing a 0.25 kb fragment, 13 mouse pro-␣1 (II) collagen (COL2A1) cDNA containing a 0.64 kb fragment, 13 and mouse pro-␣1 (X) collagen (COL10A1) cDNA containing a 0.47 kb fragment. 14 (sense and antisense) for COL1A1, COL2A1 and COL10A1 were prepared, and in situ hybridisation was carried out as previously described. 13, 15 After signal detection, sections were counterstained with Methyl Green. The sense strand probes were used to exclude the possibility of non-specific signals.
Results
Radiological findings. At two weeks after surgery, the grafted bones had clear margins ( Fig. 2A) . The decorticated transverse processes showed no apparent changes and evidence of fusion was not seen at this stage. At four weeks, however, the margins of the grafted bones had become unclear indicating the beginning of fusion, and at six weeks, continuous bone trabeculae bridging the bilateral transverse processes of L5 and L6 were seen ( Fig.  2B) , evidence of the progression of spinal fusion.
Histological findings and gene expressions for collagen types I, II and X Early phase (two weeks after surgery). Cartilaginous tissues
showing metachromasia after Toluidine Blue staining were formed adjacent to the transverse process (Figs 3A and 3B). Chondrocytes in the cartilage had features of proliferating chondrocytes, and strongly expressed a COL2A1 signal (Fig. 3D ). Some chondrocytes in this area also expressed a COL10A1 signal (Fig. 3E, arrow) . In addition, most COL2A1-positive chondrocytes at this stage also expressed a weak signal for COL1A1 (Fig. 3C, arrows) .
In some areas on the transverse process, thickening of the cortex occurred (Fig. 3B, arrowheads) , indicating the initiation of the formation of intramembranous bone, in which osteoblasts and osteocytes expressed a strong signal for COL1A1 (Fig. 3C, arrowheads) , but no signal for COL2A1 (Fig. 3D) or COL10A1 (Fig. 3E) .
At the central portion of the area of the fusion mass, woven bone was seen to be developing around some grafted bone. In this newly-formed bone, osteoblasts and osteocytes expressed COL1A1 (Fig. 3F, arrowheads) , but not COL2A1 or COL10A1 (Figs 3G and 3H ). Although we detected COL1A1 at the central zone, such expression occurred only at restricted regions; no gene expression was seen at a large proportion of the area of the fusion mass. Near the COL1A1-positive woven bone, cartilaginous tissues also developed. At the cartilage, chondrocytes expressed a strong signal for COL2A1 (Fig. 3G ) and some chondrocytes a moderate or relatively weak signal for COL10A1 (Fig. 3H, arrows) . In the cartilage, we noticed the presence of chondrocytes which co-expressed COL1A1 and COL2A1 mRNAs (Fig. 3F, arrows) . Middle phase (four weeks after surgery). Around the transverse process, bony tissues with a trabecular structure developed and expanded towards the central portion of the area of the fusion mass (Fig. 4A, asterisks) . Adjacent to the newly-formed trabecular bone, cartilage often developed towards the central portion (Fig. 4A, arrows) . For gene expression, osteoblasts lining the newly-formed trabeculae expressed a strong COL1A1 signal, indicating the initiation of bone remodelling. In the expanded cartilage, most cells still had features of proliferating chondrocytes, and a small number of hypertrophic chondrocytes was also seen. Almost all chondrocytes in the cartilage expressed a moderate or relatively strong signal for COL2A1, and some chondrocytes expressed COL10A1. At this stage, no COL1A1 mRNA was detected in the COL2A1-positive chondrocytes.
At the central portion of the area of the fusion mass, the formation of woven bone and chondrogenesis occurred around a larger amount of grafted bone when compared with those found at two weeks. Osteoblasts and osteocytes at many sites in the woven bone were positive for COL1A1 (Fig. 4B, arrows) . In the cartilaginous tissues, most chondrocytes expressed COL2A1 and some expressed COL10A1, although their hypertrophy was not evident at this stage. Furthermore, there were some regions around the grafted bones where cells simultaneously expressed COL1A1 (Fig. 4C , arrowheads) and COL2A1 (Fig. 4D,  arrowheads) , but not COL10A1. Late phase (six weeks after surgery). Around the transverse process, remodelling of trabeculae progressed and mature bony tissue with a marrow structure was seen (Fig. 5A) . For gene expression, osteoblasts lining the trabeculae undergoing remodelling expressed a moderate signal for COL1A1 (Fig. 5B) . At the central portion of the area of the fusion mass, there were some cartilaginous bands (Fig.  5A ). In the cartilage at this stage, the number of hypertrophic chondrocytes had increased when compared with at four weeks. Adjacent to the cartilage, newly-formed trabeculae were seen, indicating the progression of endochondral ossification in this area. In the cartilaginous bands, proliferating chondrocytes expressed a strong signal for COL2A1 (Fig. 5C) , and some hypertrophic chondrocytes expressed a moderate or relatively weak signal for COL10A1 (Fig. 5D, arrow) .
Discussion
Type-I collagen has been classified as a non-cartilaginous major collagen, whereas types II and X have been considered to be specific for cartilage. 16 Previous analyses have shown that the type-II collagen gene is expressed in proliferating chondrocytes, and the type-X collagen gene in hypertrophic chondrocytes. Thus, the detection of genes encoding collagen types I, II and X allows us to investigate the characteristics of tissues which are newly formed during fusion of the intertransverse processes. Two weeks after surgery we were already able to detect gene expression for collagen types I, II and X in cells around the transverse process and at the bone graft at the central portion of the area of the fusion mass. Histological examination showed that the graft did not connect with the transverse process at this stage. The cells around the trans- Photomicrographs showing localisation of COL1A1, COL2A1 and COL10A1 mRNA at two weeks after surgery. Sections were stained with Toluidine Blue (Figs 3A and 3B ), and hybridised with COL1A1 ( Figs 3C and 3F ), COL2A1 (Figs 3D and 3G) and COL10A1 ( Figs  3E and 3H) antisense probes. Figure 3A -Low-power view of a sagittal section (*, the fusion mass shown in figure 3F) . Figure 3B -This shows the box in Figure 3A enlarged. On the transverse process there is cartilage tissue showing metachromasia and membranous bone formation has occurred (arrowheads). The areas shown in Figures 3C to 3E are similar fields to Figure 3B . Figure 3C -The COL1A1 signal is strongly expressed in osteoblasts and osteocytes at the membranous bone (arrowheads), and weakly expressed in chondrocytes at the cartilage (arrows). Figure 3D -The COL2A1 signal is strongly expressed in most chondrocytes at the cartilage. Figure 3E -The COL10A1 signal is expressed in some chondrocytes at the cartilage (arrow). Figure 3F -Around the grafted bones, the COL1A1 signal is strongly expressed in osteoblasts and osteocytes at the membranous bone (arrowheads), and weakly expressed in cells at the cartilage (arrows). The areas shown in Figures 3G and 3H are similar fields to Figure 3F . Figure 3G -The COL2A1 signal is strongly expressed in chondrocytes at the cartilage. Figure 3H -The COL10A1 signal is detected in some chondrocytes at the cartilage (arrows) (TP, transverse process; IL, intertransverse process ligament; GB, grafted bone; CA, cartilage; bars in Figure 3A verse process and those around the grafted bones appear to start their healing processes independently in this early phase of spinal fusion. Previous studies have shown that bone matrices contain a number of growth factors such as bone morphogenetic proteins and transforming growth factors. 12 It is possible that in posterolateral spinal fusion free bone graft may itself contribute to the process of fusion with these factors.
Regarding the spatiotemporal gene expression for collagens during bone formation, several studies have been performed using animal models of fracture healing. [17] [18] [19] Taking these previous reports into account, we suggest that the expression patterns of genes in fusion of the intertransverse processes resemble those of fracture healing in several respects. In the early stage of fracture healing, the formation of intramembranous bone occurs from the peri- Photomicrographs showing localisation of COL1A1 and COL2A1 mRNA at four weeks after surgery. Sections were stained with Toluidine Blue (Fig. 4A ) and hybridised with COL1A1 (Figs 4B and 4C) and COL2A1 (Fig. 4D) antisense probes. Figure 4A -Low-power view of a sagittal section. Around the transverse processes, trabecular bone (*) and cartilage (arrows) develop towards the central portion of the area of the fusion mass. Figure 4B -This shows the box in Figure 4A enlarged. Osteoblasts lining the newly-formed trabecular bone express a strong signal for COL1A1 (arrows). Figure 4C -This shows the box in Figure 4B enlarged. Figure 4D -This is a similar area to that in Figure 4C . Cells around the grafted bone simultaneously express COL1A1 (C, arrowheads) and COL2A1 (D, arrowheads) (TP, transverse process; IL, intertransverse process ligament; CA, cartilage; GB, grafted bone; bars in Figure Photomicrographs showing localisation of COL1A1, COL2A1 and COL10A1 mRNA at six weeks after surgery. Sections were stained with Toluidine Blue (Figure 5A ), and hybridised with COL1A1 ( Figure 5B ), COL2A1 (Fig. 5C ) and COL10A1 ( Figure 5D ) antisense probes. Figure  5A -Low-power view of a sagittal section. There are cartilaginous bands at the central portion of the area of the fusion mass. Figure 5B -This shows the area in Figure 5A enlarged. The COL1A1 signal is widely distributed at the newly-formed trabeculae. Figure 5C -This shows the area in Figure 5B enlarged. The COL2A1 signal is strongly expressed in chondrocytes at the cartilage. Figure 5D -The COL10A1 signal is detected in some chondrocytes at the cartilage (arrow) (TP, transverse process; IL, intertransverse process ligament; TB, trabecular bone; CA, cartilage; bars in Figure 5A and endochondral ossification progressed to bridge the cranial and caudal transverse processes.
In spite of the similarity between the healing of fractures and the fusion of intertransverse processes, we were able to detect several findings which preferentially occur in the latter. In the cartilage at two and four weeks after intertransverse bone grafting, typical hypertrophic chondrocytes were not osberved, although the type-X collagen gene was expressed at these stages. In addition, we observed that type-I and type-II collagen genes were co-expressed in both immature cartilage and near the woven bone. Sato et al 20 and Yasui et al 21 analysed the gene expression in distraction osteogenesis, and pointed out the presence of chondroid bone which is an intermediate tissue between cartilage and bone. In the chondroid bone, chondrocytes expressed not only the type-II collagen gene but also the type-I collagen gene. They speculated that, during distraction osteogenesis, some proliferating chondrocytes transdifferentiate to osteogenic cells with exposure to tension stress, and referred to this style of bone formation as transchondroid bone formation. Taken with our results showing the co-expression of type-I and type-II collagen genes as well as the absence of typical hypertrophic chondrocytes at two and four weeks, we suggest that transchondroid bone formation may also occur during the fusion of the intertransverse processes and be essentially involved in the early and middle phases. We have clarified the details of spatial and temporal gene expression in various osteogenic and chondrogenic tissue responses after bone grafting of intertransverse processes, and suggest that the formation of bone through cartilage may have an important role in posterolateral spinal fusion. This observation can be applied to understanding the mechanisms of the delay of spinal fusion, or alternatively its biological enhancement, and it may provide information which will be useful for developing more effective techniques of fusion.
